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Summary

Viruses can influence the genetic diversity of prokary-
otes in various ways. They can affect the community
composition of prokaryotes by ‘killing the winner’ and
keeping in check competitive dominants. This may
sustain species richness and the amount of informa-
tion encoded in genomes. Viruses can also transfer
(viral and host) genes between species. Such mech-
anisms have probably influenced the speciation of
prokaryotes. Whole-genome sequencing has clearly
revealed the importance of (virus-mediated) gene
transfer. However, its significance for the ecological
performance of aquatic microbial communities is only
poorly studied, although the few available reports
indicate a large potential. Here, we present data sup-
porting the hypothesis that viral genes and viral activ-
ity generate genetic variability of prokaryotes and are
a driving force for ecological functioning and evolu-
tionary change.

Introduction

Viruses are the most abundant ‘life forms’ in aquatic sys-
tems, and their number probably exceeds 10?° in the
ocean (Wilhelm and Suttle, 1999). Aligning these oceanic
viruses and assuming an average diameter of 50 nm for
a marine virus, the viral string-of-pearls would be 400 000
light years long. In comparison, the diameter of our galaxy,
the Milky Way, is only 25 000 light years. The huge number
of viruses found in aquatic systems has prompted
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research showing that they play a significant role in the
transfer of matter and energy in aquatic microbial food
webs. For example, viral lysis is a major cause of prokary-
otic mortality in aquatic systems, and equals on average
grazing-induced mortality (Fuhrman, 1999; Wommack
and Colwell, 2000). The fate of bacterioplankton produc-
tion influences the rate of food web processes, as grazed
production enters ‘higher’ trophic levels (grazing food
chain), whereas lysed production is available to other
bacterial cells. At the community level, viruses might even
promote prokaryotic production and respiration (Fuhrman,
1999) and thus bacterial ecosystem functions such as
organic matter oxidation. Viruses also infect unicellular
planktonic organisms such as flagellates and algae. In
general, viral lysis affects the carbon and nutrient flow
through different compartments of the food web. In marine
pelagic systems, between 6% and 26% of the photosyn-
thetically fixed carbon is channelled or ‘shunted’ to the
dissolved organic matter (DOM) pool by viral lysis of cells
at all trophic levels (Wilhelm and Suttle, 1999). The carbon
stored in the DOM pool equals that in atmospheric CO,
(Hedges, 1992), suggesting that viral infection of marine
prokaryotes and phytoplankton has an influence on global
carbon cycling and climate. Viruses may not only influence
the flow of energy and matter through food webs, but also
play a significant role in the transfer of information
encoded in DNA.

Some viral groups such as the Caudovirales, the tailed
double-stranded (ds)DNA phages, are probably older than
the separation of life into the three now recognized
domains of life (Ackermann, 1999; Hendrix, 1999). For
example, the same three families of tailed phages infect
cyanobacteria and heterotrophic bacteria suggesting that
these viruses existed before cyanobacteria split from the
rest of the prokaryotes (Suttle, 2000a). Before the occur-
rence of eukaryotic grazers such as flagellates and cili-
ates, viruses were probably the main predators of cells in
the prokaryotic world. The early appearance of viruses in
the evolution of life has resulted in sophisticated interac-
tions between viruses and their prokaryotic hosts. Such
interactions range from true parasitism such as in chronic
infection, where viruses are released from cells without
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killing hosts, to predation such as in lytic infection of uni-
cellular organisms resulting in cell death. A mutualistic
interaction might occur in some forms of lysogeny, where
viral genomes stay within the host genome and confer
new metabolic traits to hosts (phage conversion), which
can increase the fitness of the host and thus also the
survival rate of the phage. A vast variety of interactions
with viruses is also known for uni- and multicellular
eukaryotes. How these interactions determine the way
viruses influence prokaryotic diversity and gene flux in
aquatic systems is the topic of this review. A summary of
such influences is presented in Fig. 1.

Studies on prokaryotic diversity have been imple-
mented in research on microbial ecology and bio-
geochemistry predominantly as a result of the ground-
breaking work of Carl Woese, who has shown using
sequence data from the small subunit (SSU) of the ribo-
somal RNA operon that life consists of three domains,
Bacteria, Archaea and Eukarya (Woese, 1987; Wheelis
et al., 1992). Molecular approaches have been used to
circumvent the great plate count anomaly meaning that
typically <1% of aquatic bacteria can be cultivated on
culture plates (Staley and Konopka, 1985), and numerous

Lysis: ‘Killing the winner’
Keeping in check competitive
dominants thus allowing for
co-existence of prokaryotic species

as yet uncultured species have been detected (Giovan-
noni and Rappé, 2000). These studies have also renewed
interest in culturing the uncultured species, and consider-
able progress has been made in this field. For example,
16S rRNA gene analysis has revealed the presence of a
ubiquitous and abundant as yet uncultured bacterial group
of Alphaproteobacteria, the SAR11 cluster (Morris et al.,
2002). Recently, refined culturing techniques have
allowed the isolation of a strain from this cluster (Rappé
et al., 2002). Also, the finding of a significant contribution
of Actinobacteria to total bacterial abundance (up to 60%)
in freshwaters using fluorescent in situ hybridization
(FISH) (Gléckner et al., 2000) has provoked interest in this
group and resulted in the isolation of the first freshwater
members of the class Actinobacteria (Hahn et al., 2003).
A genuine feature of prokaryotes is their ability to
exchange genes. Horizontal or lateral gene transfer (LGT)
or ‘microbial sex’ results from conjugation (gene transfer
directly between two cells), transduction (phage-mediated
gene transfer) and transformation (gene transfer by
uptake of free DNA such as plasmids) (Paul, 1999). Also,
there is gene flux along cell lines due to multiplication of
genomes and cell division (vertical gene transfer, VTG).

[Lysis: ‘Lysis product release’
Organic matter source, which is used
differently by prokaryotic species
Phage borne enzymes affecting
species in different ways

Lysogeny: Phage conversion
Immunity against homologous phages
Transfer of morphologic and
metabolic traits

Transduction:
Transfer of host encoded morphologic
and metabolic traits

Fig. 1. Summary of potential effects of viruses on prokaryotic diversity.
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Microbial diversity

Diversity can be described in two ways, as species diver-
sity or biodiversity. Species diversity consists of three
parameters, species richness (the number of species),
species evenness (the significance of species in terms of
abundance, biomass or activity) and species difference
(the taxonomic relatedness). These parameters can be
used to calculate diversity indices; however, they are not
routinely applied to microbes. Biodiversity might be
described as the total (structural and functional) diversity
of life (Wilson, 1992). In other terms, diversity is the
amount and distribution of (genetically encoded) informa-
tion or the ‘dictionary of living nature’ (Margalef, 1997).
Microbial biodiversity is even less known than species
diversity; however, metagenomics (community genome
sequence analysis) provides us with a tool to start tackling
this Herculean task.

Prokaryotic diversity

Prokaryotic classification and the prokaryotic species con-
cept are controversial topics. This is partially because of
technological progress, which results in a reconsideration
of such concepts (Rossello-Mora and Amann, 2001), but
it has also been argued that a more ‘natural view’ of
microorganisms should be adopted regarding species in
their ecological and evolutionary context (Ward, 1998).
DNA-DNA hybridization is a crucial parameter for a spe-
cies definition of prokaryotic isolates; however, it is not
sufficient alone to define a ‘species’ in a strict taxonomic
sense. A 70% DNA-DNA hybridization, which corre-
sponds to = 96% sequence similarity, is typically used as
delineation between species (Stackebrandt and Goebel,
1994). 16S ribosomal RNA gene analysis is the most
widely used method of estimating diversity in environmen-
tal samples. This is based on the observation that a
threshold of 97% similarity of the entire 16S rRNA gene
often matches the concept of 70% DNA-DNA hybridiza-
tion (Stackebrandt and Goebel, 1994). However, growing
evidence suggests that this threshold might be higher
(Rossello-Mora and Amann, 2001). Assessing species
richness based on 16S rRNA gene sequences is some-
times regarded as a futile enterprise because of selective

Table 1. Estimation of bacterial species richness in aquatic systems.
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amplification of sequences and the presence of multiple
operons, which can differ with respect to their sequence
(Wintzingerode et al., 1997; Dahllof et al.,, 2000). Also,
rare species are probably not detected by the methods
used. Moreover, it has been argued that sequence differ-
ences might not always correspond to different species
and that the phylogeny of a gene, such as encoding for
the 16S rRNA gene, might not match the phylogeny of the
genome or cell line of a species. For example, data on
lateral gene transfer, such as mediated by viruses, have
even invoked questions on the validity of the universal tree
of life. LGT may ‘shake the tree of life’ (Pennisi, 1998), as
swapping of genes among species could make a universal
classification based on phylogenetic reconstructions
impossible (Doolittle, 1999; Martin, 1999). Finally, 16
rRNA gene sequences alone are not a valid tool for bac-
terial species description sensu strictu (Rossello-Mora
and Amann, 2001). However, 16S rRNA gene approaches
may serve as a pragmatic way of determining the number
of phylotypes in the environment. Indeed, it has been
argued that the methods that microbial ecologists are
applying to assess species diversity are often roughly as
precise as methods used by ecologists of eukaryotes
(Hughes et al., 2001). Thus, the phylogeny of a conserved
gene (or several conserved genes) may be used for
reconstructing phylogenetic relatedness, and the phylog-
eny of non-conserved genes may reflect evolutionary
plasticity and adaptation. Analysing both types of genes
then becomes useful in tackling species and biodiversity
of prokaryotes.

Culture-independent 16S rRNA gene and other DNA-
based method have provided us with an estimation of the
number of ‘types’ of prokaryotes in various environments,
which will be used as an indication of prokaryotic species
richness in this review. Using various ways to estimate
richness, between a few and 160 bacterial species can be
expected in a bulk water sample of several to tens of litres
from marine or freshwater pelagic systems (Table 1). This
concurs well with a maximum possible richness of 163
species per water sample estimated on the basis of log-
normal species abundance curves (Curtis et al., 2002).

Attempts have been made to estimate prokaryotic spe-
cies richness in parts of the ocean or in the entire ocean.

No. of species Method Remarks Reference

Up to 31 DGGE Coastal ecosystem Murray et al. (1996)

54-95 Clone libraries Low to high productivity ponds Hughes et al. (2001)

About 100 Prediction on viral infection Mathematical model Thingstad and Lignell (1997b)
160 DNA reassociation kinetics Estuarine waters Torsvik et al. (2002),

163 Log-normal abundance species curves Theoretical maximum Curtis et al. (2002)

Studies were selected (i) to represent different approaches and (i) to show high species richness, as many approaches probably underestimate
‘true’ species richness.
DGGE, denaturing gradient gel electrophoresis.
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Using entire 16S rRNA gene data from cultured and uncul-
tured sequences found in GenBank and a species thresh-
old of 97% sequence similarity, it was suggested that there
are about 1200 species in the surface ocean (Hagstrom
et al., 2002). If this number holds roughly true, we have
not detected the tip but the bulk of the iceberg of species
richness in marine surface waters. However, using log-
normal species abundance curves, the maximum possible
species richness in the entire ocean should be <2 x 10°
(Curtis et al., 2002). Archaea, which are as abundant as
Bacteria in the deep ocean and may account for about
one-third of the pelagic prokaryotes in the world’s oceans
(Karner et al., 2001), cannot be responsible for this differ-
ence, as their maximum richness was estimated to be only
20 000 species (Curtis et al., 2002). Although such data
provide first insights into prokaryotic diversity, assessing
the ‘true’ species richness in single samples and in eco-
systems remains a challenge for future research.

Genome complexity of prokaryotes in pelagic systems
is basically unknown. Torsvik et al. (2002) have estimated
the genome complexity of communities in marine sedi-
ments based on genome equivalents relative to the
Escherichia coli genome and assessing bacterial species
by reassociation kinetics of DNA. Genome complexity was
4.8x10"bp in a pristine sediment and 2 x 10%bp in
marine fish farm sediment. The genome complexity of
microbes in the fish farm sediment is probably similar to
pelagic systems, as about 50 genome equivalents were
present, which falls within the range of species richness
of marine bacterioplankton (Table 1). Assuming that there
are a maximum of 163 ‘species’ or genome equivalents in
a sample (Curtis et al., 2002) and using the genome size
of E. coli, maximum genome complexity would be
6.7 x 108 bp in a given water sample. However, as the
genome of an average marine bacterium might be smaller
than that of E. coli (Button etal., 1998; Rappé etal.,
2002), this might be a slight overestimation. Using the
estimates of species richness outlined above, the genome
complexity in the surface ocean would be at least
4.9 x 10° bp, and genome complexity in the entire ocean
should be <8.2 x 102 bp. These estimates are uncertain
because of the unknown number of species and the
unknown genetic variability within and between species.
Although genetic variability within species can be large, it
should be smaller than among species. If not, concepts
such as DNA similarity, e.g. a 70% DNA-DNA hybridiza-
tion, would make no sense as crucial parameters for spe-
cies descriptions. Despite these uncertainties, such
estimates may describe the possible range of prokaryotic
genome complexity in the ocean.

Viral diversity and diversification

The species concept has been applied to viruses by the

International Committee on the Taxonomy of Viruses
(ICTV) (Regenmortel, 1992). Recently, Rohwer and
Edwards (2002) have proposed a genome-based taxon-
omy for phages based on the overall sequence similarity
of predicted protein sequences of 105 completely
sequenced phages. This taxonomy is roughly similar to
the one proposed by the ICTV, although there are also
some differences. It has also been argued that a definition
of viral species is not meaningful in the presence of exces-
sive gene transfer (Lawrence et al., 2002).

Assessing viral diversity in the environment is difficult.
This is because of not only conceptual difficulties in defin-
ing a viral species but also the great plate count anomaly,
as hosts have to be cultured before phages can be iso-
lated. Moreover, there is no common molecule for viruses,
not even for the tailed dsDNA phages, which could be
used in an analogous way to the 16S rRNA gene for
cellular microorganisms (Hendrix et al., 1999). However,
it might be possible to use conserved or ‘core’ genes as
genetic markers for different viral groups. Sequence dif-
ferences of such genes would then correspond to geno-
types, and the number of genotypes can be used as an
estimation of viral species richness. Genetic marker mol-
ecules have been found in several viral groups. For
example, primers are available for algal viruses
(Phycodnaviridae), targeted against the DNA polymerase
gene (Chen and Suttle, 1995; Short and Suttle, 2002), and
for cyanophages, targeted against the gene of the g20
capsid protein (Fuller et al., 1998; Wilson et al., 1999;
Zhong et al., 2002), although there is some evidence that
the cyanophage primers also cover some other phages.
Techniques such as denaturing gradient gel electrophore-
sis (DGGE) or clone libraries were used to assess geno-
type richness of cyanophages and algal viruses (Short
and Suttle, 2002; Zhong et al., 2002). Also, a community
approach has been developed based on the separation
by size of viral genomes using pulsed-field gel electro-
phoresis (PFGE; Wommack et al., 1999a,b). The number
of viral genotypes, estimated by the number of genome
size classes, is conservative because more than one
genotype might be hidden in a single band.

Assuming for the sake of argument that every prokary-
otic species typically has at least one specific virus, we
can make a rough estimation of viral diversity. Using this
line of argument, species richness of viruses should be at
least as high as the species diversity of microbes. Using
various approaches, many of them only targeting algal or
cyanophage diversity, up to 36 different viral types were
found in water samples (litres to tens of litres) from marine
systems (Table 2). Recently, assessing the metagenome
of two natural viral communities from 200 | of coastal
waters using shotgun cloning, Breitbart et al. (2002) have
estimated between 374 and 7114 viral genotypes in the
samples. This number is higher than that for bacterial
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Table 2. Estimation of viral genotype richness in marine systems.
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No. of types Method Remarks Reference

33 DGGE Algal viruses; all sequenced bands from all environments Short and Suttle, (2002)

13-29 Clone library Cyanophages; 114 different clones Zhong et al. (2002)

7-36 PFGE Various environments Steward and Azam (2000);
Steward et al. (2000)

374-7114 Metagenomics Shotgun cloning of two marine samples

Breitbart et al. (2002)

Note that two approaches were targeted to specific viral groups, the algal viruses and cyanophages.

DGGE, denaturing gradient gel electrophoresis.
PFGE, pulsed-field gel electrophoresis.

species, thus supporting the idea that viral diversity is
enormous and higher than that of cellular microbes. Curi-
ously, the diversity of phages, as assessed by the metage-
nomics approach, is about an order of magnitude higher
than the diversity of microbes (Tables 1 and 2), concurring
with a viruses-to-bacteria ratio of 10 typically found in
coastal surface waters (Wommack and Colwell, 2000).
This would indicate that there are on average about 10
specific viruses per bacterial species, which corresponds
well with data from isolated bacteriophages (Weinbauer,
2003). At a viral abundance of 107 viruses ml~' for coastal
systems, the average abundance of single viral genotypes
would be =10* mI™". Using an average genome size of
5 x 10* bp for a marine virus, as determined by PFGE of
viral communities (Steward and Azam, 2000) and the
species richness data from the metagenomics approach,
a genome complexity for viruses between 1.5x 107 bp
and 3.5x 108 bp per sample can be calculated. These
numbers are close to the maximum estimated genome
complexity of bacterioplankton per sample. Thus, there
seems to be a comparable genome complexity of viruses
and prokaryotes in a system.

Viruses are a source of diversity and harbour specific
genes. These particular genes involve structural genes
(e.g. encoding for capsid and tail fibre proteins), genes
encoding for insertion sites into the host genome or
enzymes to lyse host cells. Other unique genes enable a
lytic phage to infect a lysogenized host. Viruses can also
carry genes for repairing DNA damage. For example,
homologues of the DenV gene originally found in the T4
phage were also detected in Chlorella viruses, i.e. viruses
infecting a symbiotic alga (Furuta etal, 1997). These
genes have no resemblance to genes of cellular organ-
isms. Whole-genome sequencing of marine viral isolates
and metagenomics of viral communities also suggest a
predominance of genes specific for viruses (Rohwer et al.,
2000; Breitbart et al., 2002; Chen and Lu, 2002; Paul
et al., 2002). In general, databank analysis of genes has
shown that phage and viral genes were not stolen from
hosts, but ‘. . . the large majority of phage and viral genes
are unique to various families of viruses, not hosts ...
(Villarreal, 2001).

© 2004 Blackwell Publishing Ltd, Environmental Microbiology, 6, 1—11

The genomes of the Caudovirales seem to be com-
posed of modules such as head assembly, tail assembly
or lysogeny and lysis cassettes, which consist of genes
belonging together functionally (Hendrix etal., 1999;
2000; Lawrence et al., 2002). This mosaic organization of
the viral genome favours the exchange of functional
genetic units between phages. Such events will occur
most frequently during a co-infection with two or more
phages or when a phage infects a cell containing a proph-
age (Moineau et al,, 1994; 1995). Thus, cells might be
‘phage factories’, which release a wide variety of recom-
binant phages in the environment (Ohnishi et al., 2001),
and these chimeric phages might finally result in new viral
species.

Vertical gene flux

The genome of a species exists in multiple copies
depending on the abundance of cells of this species, and
VGT rates are determined by the doubling times. There is
also a genomic variability of populations within a species;
however, this is not considered further here, as the
amount of this variability is not known for major bacterial
types in aquatic systems. Data on the standing stock and
genome transfer rate of species have not been estimated
in aquatic systems because of methodological problems
of determining cell abundance, genome size and doubling
times of species in situ. For natural communities, only a
few studies have estimated the doubling rates and abun-
dance of cells at roughly the species level (Weinbauer and
Hofle, 1998; Pinhassi et al., 1999). Knowing the genome
size, the transfer rate of DNA-encoded information can be
estimated. Owing to the development of molecular tools
applicable to natural communities such as FISH and
quantitative polymerase chain reaction (PCR), the parti-
tioning of standing stocks and fluxes of DNA into genome
equivalents (species) and its relation to genome complex-
ity seems to be a task that can be tackled now or in the
near future. Viruses can influence these fluxes. For exam-
ple, viral lysis can reduce the vertical information transfer
of prokaryotic genomes by removing those cells of a spe-
cies susceptible to infection.
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Vertical gene flux in viruses depends on their life cycles.
In chronic infection, genomes are produced by releasing
viruses from cells without killing them. Lytic phages
release progeny genomes in bursts as the cell lyses and,
thus, VGT is the cell lysis rate times the burst size times
the genome size. For prophages of lysogenic prokaryotes,
the viral genome replicates along with the host genome
and, thus, VGT is the doubling rate of the host times the
genome size of the provirus. We are not aware of such
data for single viral genotypes in aquatic systems.

Viral impact on prokaryotic diversity

The finding of high viral numbers and high viral infection
frequencies of bacteria in aquatic systems (Bergh et al.,
1989; Proctor and Fuhrman, 1990; Suttle et al., 1990) has
prompted the idea that they might influence species diver-
sity (Fuhrman and Suttle, 1993; Thingstad et al., 1993).
This has been elaborated in the concept of ‘killing the
winner’ (Thingstad and Lignell, 1997a), meaning that lytic
viruses can keep in check competitive dominants and thus
might allow for the co-existence of less competitive pop-
ulations and even sustain bacterial diversity. This model
is supported by the finding from isolated phage—host sys-
tems that phages propagate as a function of host density
and can thus control host abundance. For example,
Hennes et al. (1995) added the Vibrio natriegens strain
PWH3a to sea water from which it was previously isolated.
After a bloom of the strain, indigenous phages could ter-
minate the bloom, resulting in a strong increase in the
abundance of phages being able to produce plaques on
culture plates with this strain. In experiments with several
phage—host systems, phages changed the clonal compo-
sition of the hosts by forcing the formation of resistance
mechanisms (Middelboe etal, 2001). Virus-induced
resistance has also been reported for cyanobacteria in
laboratory and in situ studies (Waterbury and Valois, 1993;
Suttle and Chan, 1994). Other evidence comes from the
geographical and temporal variability of viral populations
in Chesapeake Bay (Wommack et al., 1999a,b) and from
the dynamics of viral populations in mesocosms (Larsen
et al., 2001; Qvreas et al., 2003) as determined by PFGE.
These data are compatible with predator—prey-type oscil-
lations of different phages and their hosts, whereas total
abundance of bacteria and viruses remains relatively sta-
ble (Wommack et al., 1999a,b). Incubating a freshwater
bacterial community with and without the viral community
from the same sample resulted in changes in abundance
and growth rates of bacterial populations as well as in
changes of the community composition (Weinbauer and
Hofle, 1998). In similar experiments, phytoplankton (Sut-
tle, 1992) or plankton community composition (Peduzzi
and Weinbauer, 1993a) was influenced by adding viruses.
Such data support the ‘killing the winner concept,

although we still lack detailed in situ information such
as on the dynamics of phage-host systems within
communities.

A virus-induced mass lysis event of filamentous cyano-
bacteria caused great changes in community composition
(Van Hannen et al., 1999). Although the ‘killing the winner’
concept might also hold true in this case, it is also possible
that the mass release of organic matter during cell lysis
changed the composition and bioavailability of organic
nutrients and thus caused changes in the community
composition of bacteria. It has been shown that changes
in the DOM composition can indeed affect bacterial com-
munity structure (Lebaron etal., 1999; Riemann et al.,
2000; Arrieta and Herndl, 2002). An influence of viruses
on bacterial community composition by release of organic
matter has been also suggested by Middelboe (2000).
Other lysis products such as phage-borne enzymes can
kill cells (Fuhrman and Noble, 2000), which might also
influence community composition. These ‘lysis product
mechanisms’ could enhance or mask the ‘killing the win-
ner’ effect depending which species they act upon.

Some phages do not cause immediate lysis, but repli-
cate along with the host cell, e.g. by integrating their
genome into the host genome. Such lysogenized cells are
immune against infection by homologous phages and,
sometimes, the phages also confer morphological, meta-
bolic or immunogenic properties to the host. A spectacular
example of phage conversion are Vibrio cholerae strains,
which only cause cholera when they are infected with a
lysogenic phage carrying the cholera-causing toxin (Wal-
dor and Mekalanos, 1996). Phage conversion can
increase the fitness of cells (Edlin et al., 1975; Lin et al.,
1977), which could influence community composition by
allowing for the survival or dominance of such converted
cells. The percentage of lysogenized cells in bacteri-
oplankton varies greatly in surface waters (Jiang and Paul,
1996; Weinbauer and Suttle, 1996); however, it has been
shown recently that the majority of bacterioplankton from
deep waters in the Mediterranean Sea are lysogenized
(Weinbauer et al., 2003). Thus, immunization against
infection and phage conversion are possible ways in which
phages can influence diversity in this environment.

Virus-mediated gene transfer

One of the most surprising findings of whole-genome
sequencing is the enormous extent of LGT, indicating that
gene swapping among organisms is not a laboratory odd-
ity but a constitutive factor in diversification. On average,
2.6 prophages have been detected per free-living bacte-
rial species (Lawrence et al., 2002), and a number of
bacterial genomes contain between 3% and 10% proph-
age DNA (Brissow and Hendrix, 2002). An educated
guess suggests that E. coliand Salmonella separated 100
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million years ago. About 10% of the E. coli genome con-
sists of genes that were acquired in more than 200 events
of LGT after this divergence (Lawrence and Ochman,
1998). E. coli has an extremely variable genome size
ranging from 4.5 to 5.5 Mb, although the rRNA operon is
highly conserved. The genome of the E. coli strain 0157
Sakai consists of a huge amount of strain-specific DNA
(1.44 Mb) and contains 18 prophages or prophage rem-
nants accounting for =50% of the strain-specific
sequences. Moreover, six large chromosome segments,
which seem to represent prophage-like genetic elements,
are found in O157 (Hayashi et al., 2001). This indicates a
high rate of virus-mediated LGT. Thus, phage genomes
are an integral part of O157 genomes, suggesting that
phages played a predominant role in the emergence of
this strain (Ohnishi et al., 2001). As other strains also
contain large numbers of prophages, prophage remnants
and phage-related elements, bacteriophages appear to
be major contributors to the genome diversification of E.
coli. This is an example of how phages might have influ-
enced evolutionary diversification and speciation. How-
ever, there are also ways in which viruses can influence
the standing stock of information encoded in prokaryotic
species at ecological scales.

Virus-mediated LGT has been documented in keystone
studies from freshwater and marine systems (Saye et al.,
1987; Jiang and Paul, 1998; Paul, 1999); however, trans-
duction rates are difficult to measure in situ. In Table 3,
transduction rates are listed, which were assessed using
either natural bacterial or viral communities. The transduc-
tion frequency varied over orders of magnitude from 1078
to 107 per virus. Jiang and Paul (1998) estimated that
there might be up to 100 transductants I day™' or up to
1.3 x 10™ transductants per year in Tampa Bay. Based on
estimates of the percentage of lysogenized cells in bac-
terioplankton along a depth profile down to 2000 m, esti-
mates of bacterial production and burst size (Weinbauer
etal., 2003), assuming low spontaneous induction fre-
quencies of 107 per cell (Ackermann and DuBow, 1987),
a conservative number of transductants per phage of
10° and the volume of the Mediterranean Sea
(3.75x 10° km®), we estimated 10" transductants per
year in the Mediterranean basin. These estimates suggest
(in the absence of hard data) that transduction could be
a significant and overlooked mechanism in microbial ecol-

Table 3. Transduction rates in marine systems.
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ogy. A similar line of argument has been put forward by
Fuhrman (1999), suggesting that LGT is significant in the
ocean. The shear abundance and diversity of viruses in
the ‘viriosphere’ (C. Suttle, personal communication)
makes virus-mediated LGT a potentially significant
process.

The most surprising results, however, were reported for
auxotrophic E. coli cells, to which amino acid prototrophy
could be transferred by marine phages at the extremely
high rates of up to 2.6 x 10 per virus (Chiura, 1997;
Chiura et al., 2000). This transfer of DNA from marine
phages to a non-marine enterobacterium could result
from broad-host-range transduction. Although it is often
assumed that phages do not trespass the genus barrier
(Ackermann and DuBow, 1987), this concept has been
questioned. Jensen et al. (1998) argued that narrow host
ranges are an isolation artifact, and Wichels et al. (1998)
have shown that host range can vary greatly between
marine phages. A large variability of host ranges has also
reported for cyanophages (Suttle, 2000b).

Microorganisms are not distributed homogeneously in
aquatic systems, but they are concentrated in activity hot-
spots such as organic aggregates or around decaying
phytoplankton cells (Azam, 1998; Long and Azam, 2001).
In organic aggregates, not only bacteria but also viruses
can be highly concentrated (Peduzzi and Weinbauer,
1993b; Simon et al., 2002), and infection frequencies of
prokaryotes can be as high as in the surrounding water
(Proctor and Fuhrman, 1991). Enhanced transduction
rates were found on suspended material in freshwater
probably because of a higher contact rate between bac-
teria and phages (Ripp and Miller, 1995). Thus, hot-spots
of activity could also be hot-spots of transduction and
lateral gene transfer in general. Protists acquire phages
along with ingested bacteria (Gonzalez and Suttle, 1993)
and infected cells, and induction of lysogens in food vac-
uoles of a ciliate has been documented (Clarke, 1998).
This could be a way of transferring phage DNA to eukary-
otes. Indeed, protists might be what they eat (Doolittle as
cited in Pennisi, 1998). Moreover, during viral lysis of cells,
host DNA is released, which might stimulate DNA transfer
by transformation.

The modular organization of biochemical pathways in
the genome of prokaryotes is a prerequisite for successful
gene transfer. Entire functions can be exchanged by a

Transducing frequency

Environment (no. of transductants/pfu or virus) Transducing phage Reference
Tampa Bay 1.57x10® T-fD1B Jiang and Paul (1998)
Gulf of Mexico (1500 m) 3.7x10°® UV T-D1B Jiang and Paul (1998)

Mediterranean Sea 3.0x10°-5.7x10°

Natural virus community Chiura et al. (2000)

Only studies were considered in which either viral or bacterial communities were used.
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single transfer event. Other mechanisms besides trans-
duction and transformation, such as conjugation, are also
significant for gene transfer (Paul, 1999). However, it
becomes more appreciated that not only bacterial but also
viral genes might be involved in transferring morphological
and metabolic traits. Indeed, it has been suggested that
‘...viruses rather than bacteria massively explore
sequence space’ (Villarreal, 2001).

Conclusions

The consequences of gene transfer differ greatly depend-
ing on whether it happens within or among species (Tors-
vik et al., 2002). Gene transfer within species should slow
down diversification by increasing genetic similarity. This
may result in higher standing stocks of (more or less)
identical genomes and thus in a higher survival chance
depending on the stability of the environment. Gene trans-
fer across species and genus barriers should promote
adaptation and increase diversity. For example, acquiring
genes may open new ecological niches (Martin, 1999;
Ochman et al.,, 2000) and increase the geographical dis-
tribution of species. The new niches would also allow for
gene transfer with prokaryotic species in these niches.

Although we only know a little about the detailed mech-
anisms, it seems likely that viruses shape the standing
stock and fluxes of genetically encoded information. This
should influence the ecology as well as the evolution of
species (DeFilippis and Villarreal, 2000). In the theory of
genetic mosaicism, dsDNA phages have access to the
global phage DNA pool by lateral gene transfer. This
access is not uniform, e.g. because of host range barriers,
thus representing ‘...a sort of random walk through phy-
logenetic space’ (Hendrix et al., 1999). If it holds true that
host ranges can be much broader than assumed (Chiura,
1997; Jensen et al., 1998; Wichels et al., 1998), this ran-
dom walk could turn out to be less random and more
sprint-like than previously thought. Owing to lateral gene
transfer, prokaryotes might also be seen as a ‘global
superorganism’ (Doolittle, 1999). On account of a viral
linkage to the tree of life (Villarreal, 2001), it is maybe
more appropriate to regard all microorganisms including
viruses as a ‘superorganism’ or part of a global DNA pool,
which can in principle be accessed by all species. Thus,
virus-mediated gene transfer and viral genes considerably
extend the possibilities of generating genetic variability as
a target of selection beyond that caused by point muta-
tions, recombination and sexual exchange. Such a ‘Virio-
Darwinism’ might explain evolutionary changes and inven-
tions, which would be hard to explain otherwise. Indeed,
viruses seem to be involved in major evolutionary inven-
tions such as the origin of mammals or eukaryotes (Vil-
larreal and DeFilippis, 2000; Villarreal, 2001).

Studies on genetic diversity and functional aspects of
microorganisms are still sparse (Lee et al., 1999; Ouv-
erney and Fuhrman, 1999; Cottrell and Kirchman, 2000),
and no studies are available linking gene flux to ecological
and biogeochemical processes in aquatic systems. Over-
all, the links between studies on information (e.g. genetic
diversity, gene flux) and energy and matter transfer (e.g.
carbon and nutrient cycling) are still rather spurious in the
fields of aquatic microbial ecology and biogeochemistry.
We suggest that (i) including the information aspect of life
will greatly enhance our understanding of diversification
and microbial food web interactions and (ii) viral genes,
virus-mediated gene transfer and viral infection play a
crucial role in these processes.
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